Let-7 is an important tumor-suppressive microRNA (miRNA) that acts as an on-off switch for cellular differentiation and regulates the expression of a set of human oncogenes. Binding of the human KSRP protein to let-7 miRNA precursors positively regulates their processing to mature let-7, thereby contributing to control of cell proliferation, apoptosis and differentiation. Here we analyze the molecular basis for KSRP-let-7 precursor selectivity and show how the third KH domain of the protein recognizes a G-rich sequence in the pre-let-7 terminal loop and dominates the interaction. The structure of the KH3-RNA complex explains the protein recognition of this noncanonical KH target sequence, and we demonstrate that the specificity of this binding is crucial for the functional interaction between the protein and the miRNA precursor. npg
a r t i c l e s miRNAs regulate the expression of more than half of all human genes by acting on the stability and translation of mRNA targets, and the cellular concentration of miRNAs is tightly controlled both at the transcriptional and post-transcriptional level 1, 2 . The ~22-nucleotide miRNA is transcribed as part of a much larger RNA molecule where the mature miRNA sequence base-pairs with a quasicomplementary sequence to form a hairpin-like structure. The two-step processing of the initial transcript to mature miRNA can be selectively regulated by the interaction between effector proteins and the terminal loops of precursor (pre-miRNA) and primary miRNA (pri-miRNA) hairpins (reviewed in ref. 1) . The molecular information available on the processing complexes and the high sequence conservation observed for some but not all miRNA terminal loops support the proposed role of terminal loops as a platform for the binding of effector proteins and the regulation of miRNA biogenesis 3 .
Originally discovered in Caenorhabditis elegans, where it has an important role in development, let-7 was the first miRNA to be identified in humans. Let-7 provides an on-off switch for cell differentiation and has been shown to inhibit the expression of a set of important oncogenes in humans. Let-7 functions as a major tumor suppressor, and its cellular concentration must be tightly regulated 4 . At the posttranscriptional level, this regulation relies on proteins that bind to the terminal loop of the let-7 precursors and either increase (KSRP) or decrease (lin-28 and hnRNPA1) the efficiency of let-7 biogenesis [5] [6] [7] [8] [9] .
The key to establishing the selectivity of these post-transcriptional regulatory mechanisms is the recognition of the RNA terminal loop by different protein effectors.
Two recent studies have clarified the molecular basis of the recognition of the let-7 terminal loop by the negative regulator lin-28, which interacts with the RNA by using a CCHC double zinc-finger domain and a cold-shock RNA-binding domain 10, 11 . However, the recognition between let-7 and the activator KSRP, which has a very different domain composition, is still to be elucidated 8, 9 . KSRP is a multifunctional protein that interacts with its nucleic acid targets by using four sequential KH domains (Fig. 1) , and it has been shown to have a role in the decay, splicing and localization of selected mRNAs 12 . In miRNA biogenesis, KSRP interacts with an AGGGU sequence at the 5′ end of the let-7 terminal loop ( Fig. 1c) and stimulates pri-and pre-let-7 processing 9 . How KSRP recognizes this G-rich sequence is unclear, as the current structural understanding of KH-RNA recognition advocates a strict requirement for A or C nucleobases in the central positions of the target RNA sequences 13 ; nor is it clear what role the different KH domains of KSRP have in the interaction.
Here we set out to explain the molecular bases of KSRP recognition of the let-7 miRNA precursor. We clarify that the different KH domains of KSRP have very different roles in the interaction. We then analyze the interaction between the key KH3 domain and its pre-miRNA target sequence and explain how KSRP can use a conserved KH scaffold to recognize a noncanonical G-rich sequence. Our data highlight that even moderate changes in this recognition have very important effects on the ability of KSRP to promote let-7 biogenesis.
RESULTS

KSRP KH3 dominates the KSRP-let-7 precursor RNA interaction
To clarify the role of the four KH domains of KSRP in pre-let-7a recognition, we have used biophysical binding assays and a set of KSRP a r t i c l e s point mutants. We had previously proposed that KSRP recognizes its various RNA targets by combinatorial and diverse use of its KH domains 14 . More recently, we have established that by systematically mutating the conserved GXXG loop in each of the KH domains of KSRP to GDDG we can eliminate RNA binding by a single domain in the context of the full-length protein without altering the structural framework of recognition 15 . This allows an accurate evaluation of the importance of the different domains in the interaction. Here we test the binding of the four GDDG KSRP mutants to the let-7 terminal loop by using biolayer interferometry (BLI). To reduce nonspecific RNA absorption to the surface of the sensor used in the BLI measurements, we have substituted the wild-type prelet-7a stem with a shorter stable GC-rich stem (let-7-GC, Fig. 1c ), after having confirmed by CD that this change does not affect KSRP binding to the terminal loop ( Supplementary Fig. 1 ). BLI data show that wildtype KSRP and the KH1 mutant have equivalent affinities for the let-7-GC (K d ~250 nM), suggesting that KH1 does not contribute to binding, whereas the KH2 and KH4 mutants bind with an affinity equal to half that of the wild-type protein ( Fig. 1d and Supplementary Fig. 1) .
In marked contrast, we did not detect any interaction between the KH3 mutant and the RNA even at the highest tested concentration (600 nM), which indicated a K d >6,000 nM. Hence, our biophysical binding assays show that KH3 dominates the KSRP-let-7 precursor interaction in the context of the full-length protein, although both KH2 and KH4 provide a small contribution to protein-binding affinity. The modest contribution of the KH2 and KH4 domains to binding is consistent with the difference in affinity we measure between the KSRP-let-7-GC and the KH3-AGGGU interactions. Further, KH3 binds with the same affinity to AGGGU and let-7-GC RNAs, and binding to the two RNAs results in analogous chemical-shift changes in the KH3 15 N-1 H NMR spectrum ( Supplementary Fig. 2) , which indicates that no appreciable interaction is taking place between KH3 and nucleotides outside the AGGGU sequence. Finally, the comparative analysis of methyl resonances in the 13 C-1 H spectrum of KSRP, alone and in complex with the AGGGU RNA, shows that only resonances of KH3 are affected by AGGGU binding and confirms that KH2 and KH4 do not make appreciable interactions with the short KH3 target sequence ( Supplementary Fig. 2 ).
KH3 recognition of the target pre-let-7 sequence
The different contributions of the four KH domains of KSRP to the interaction with pre-let-7 RNA clarify that, in order to identify the key determinants of KSRP-let-7 recognition and to understand regulation of let-7 biogenesis, the KH3-RNA interaction must be dissected. KH domains can interact with five or more nucleotides, but only four nucleobases make contact with the hydrophobic groove of the protein 13 . Of these, the two central bases (positions 2 and 3) are recognized with higher selectivity and are either an A or a C in all the published structures 13, 16, 17 . However, we have previously shown that the isolated KSRP KH3 domain prefers Gs in these central positions, which is consistent with the identified AGGGU target sequence on pre-let-7a 9,14 , and we have now confirmed that the contacts that KH3 makes with the AGGGU RNA recapitulate the interaction with the larger pre-let-7 terminal loop. To explain how KSRP KH3 can achieve the recognition of noncanonical G nucleobases within a canonical KH structural framework, we have determined the structure of the KH3-AGGGU complex ( Table 1 and Fig. 2 and Supplementary  Fig. 3 ), which we describe below with a focus on the two central and more specific positions.
Our NMR structure shows that AGGGU RNA (referred to below as nucleobases A1, G2, G3, G4 and U5, in positions 0, 1, 2, 3 and 4 of the specifically recognized sequence) interacts with the nucleic acid-recognition groove of KSRP KH3. Although the A1 nucleobase makes limited contacts with the protein ( Fig. 2 and Supplementary  Fig. 3 ) and its position is not well defined in our solution structure, the position and the relative arrangement of the four RNA nucleobases in the hydrophobic groove (G2, G3, G4 and U5) are similar to those reported for the equivalent nucleobases of other KH-RNA complexes ( Fig. 3) 16, 17 . However, the hydrophobic groove of KH3 is longer than Conserved amino acids are in red (identity) or other colors (similarity). The short continuous line below the sequence alignment highlights the position of the conserved GXXG loop, and the asterisk marks the position of the K368R mutant. (c) Comparison of sequence and secondary structure of wild-type pre-let-7a miRNA (let-7 WT) and a mutant with a shorter GC-rich stem (let-7-GC), which binds with the same affinity as the wild type and has been used in BLI studies. The terminal loop is shown inside the box, the wild-type pre-let-7a in black and the mutations used for the short stable let-7-GC in red. (d) The contribution of different KH domains to KSRP-let-7 binding, measured with BLI, in which a streptavidin-coated sensor was derivatized with biotinylated let-7-GC and exposed to different concentrations of KSRP (wild type and mutants). Response units are shown plotted against protein concentration, with K d calculated for the different mutants. KH3 binding was too weak for data fitting, and only a lower limit for the K d could be estimated. npg a r t i c l e s the grooves of the Nova-1 and hnRNPK KH3 domains and broadens in a wide pocket that allows the protein to accommodate a G (G2 and G3) in positions 1 and 2 (Figs. 2 and 3 and Supplementary Fig. 3 ). G2 rests on a broad hydrophobic platform comprising the Val334, Gly335 and Val336 amino acids ( Fig. 2 and Supplementary Fig. 3) , and its Watson-Crick edge does not engage in hydrogen-bonding in our structure, which is consistent with the lack of specificity that we have previously observed by scaffold-independent analysis 14 .
Several of the hydrophobic amino acids contacting G2 also make contact with G3, but G3-protein contacts include a hydrogen bond between the Watson-Crick edge of the base and a protein side chain ( Fig. 2) . KH3 shows a limited specificity in position 2 and can tolerate mutation of G3 to A and U but not C ( Supplementary Fig. 4 and Supplementary Table 1 ), most likely because of a steric clash between the C amino group and a methyl group of Val334. In contrast to G3, G4 forms four intermolecular hydrogen bonds, three of which are with the protein backbone. This creates a recognition pattern that is very specific but also different from the canonical pattern observed in the known KH-RNA structures (Figs. 2 and 3 and Supplementary  Fig. 4) . Indeed, rather than binding the backbone amide and carboxy group of the same amino acid, this RNA nucleobase recognizes the carboxy and amide groups of two separate amino acids, Ile356 and Phe358 ( Figs. 2 and 3) . NMR binding assays confirm our structural observations, indicating that G4 recognition is highly specific and that mutation of the nucleobase in this position causes a drop in affinity of between one and two orders of magnitude ( Supplementary Fig. 4 and Supplementary Table 1 ). Finally, the U5 nucleobase stacks onto G4 ( Fig. 2 and Supplementary Fig. 3 ), a common arrangement in KH-nucleic acid complexes, and it is possible that further contacts take place with the surrounding solvent-exposed protein side chains. Globally, the KH3-AGGGU structure explains how the canonical KH-RNA recognition can be adapted to select a G-rich sequence.
KH3-AGGGU recognition and let-7 processing
Next, we assessed the functional role and contribution of KH3-AGGGU recognition to the regulation of let-7 biogenesis. To evaluate how sensitive the system is to changes in the KH3-RNA interaction, we tested the processing activity of two KSRP mutants, one with a fully compromised RNA-binding capability of KH3 (the KH3 GDDG mutant) and the other where the KH3 affinity for the target RNA is reduced to one-third. The second mutant was designed on the basis of the new structural information provided by the KH3-AGGGU complex. The structure shows that Lys368, which is solvent exposed in the free protein and whose mutation does not change KH3 structure and stability ( Supplementary Fig. 5) , forms a hydrogen bond with G3 O6. In most other canonical KH-RNA complexes, an arginine residue is present in this position and is associated with the specific recognition of a C ( Fig. 3 and Supplementary Fig. 5 ). We mutated Lys368 to arginine and, using NMR and isothermal titration calorimetry (ITC), compared the binding of wild-type KH3 and the stable K368R mutant to the AGGGU RNA (and to the three-nucleobase permutations of G3; Supplementary Table 1 and Supplementary Fig. 5 ). The lysine-toarginine mutation results in a decrease in affinity for the target (from Hydrogen bonds are in red, hydrophobic interactions in blue. The position of the solventexposed side chain of the GXXG arginine residue (Arg340) is not well defined, and an interaction with an RNA phosphate group is possible. npg a r t i c l e s 5 to 19 µM), a result that we have validated also in the context of the pre-let-7 terminal loop (from 6 to 16 µM; Supplementary Fig. 5 ).
We then explored in cell extract whether KSRP-let-7 precursor association is affected by the mutation. We used ribonucleoprotein immunoprecipitation (RIP) assays to assess the association of wildtype KSRP and KH3 GDDG and K368R mutants to pre-let-7a (Fig. 4a) . The results indicate that K368R mutant association to pre-let-7a-1 is strongly affected by the mutation. Finally we tested the efficiency of pri-let-7a processing by wild-type KSRP and by the KH3 GDDG and KH3 K368R mutants in HEK-293 cells and found that although pri-let-7a was efficiently processed by extracts from cells expressing wild-type KRSP, its processing was greatly reduced by both KH3 GDDG and KH3 K368R mutations (Fig. 4b,c and Supplementary Fig. 5 ). These results suggest that a relatively small decrease in affinity of the KH K368R mutant for RNA has a strong effect on KSRP activity and demonstrate that KH3 recognition of the G-rich target sequence is key to the role of KSRP in regulating let-7 biogenesis.
DISCUSSION
The interaction of protein regulators with the terminal loop of the let-7 miRNA precursors determines the concentration of the mature let-7 miRNA, but understanding of this interaction is still incomplete. Here we define the contribution of the individual KH domains of the protein KSRP, a positive regulator of let-7 biogenesis, to its interaction with the let-7 miRNA precursor. We show that, contrary to what we observed in KSRP-TNFα AU-rich-element recognition 15 , one of the domains of the protein (KH3) has a dominant role in the interaction. The different use of KH domains in KSRP recognition of the two TNFα AU-rich elements and pre-let-7 RNAs emphasizes the ability of the protein to target a broad range of RNAs and to act at different post-transcriptional regulatory steps. We determine the structure of the functionally well-characterized KH3-AGGGU complex, which encompasses the key recognition elements of the KSRP-let-7 precursor interaction, and we show that even a moderate impairment in the ability of KH3 to recognize a specific G-rich sequence has a strong effect on KSRP's ability to promote pri-let-7 processing. This assay both provides a functional validation of our molecular data and highlights the exquisite sensitivity of recognition in this multicomponent system.
In this work, we dissect the structural contacts between KSRP KH3 and its G-rich target sequence. The structures of several KH domains Figure 3 Comparison of the KSRP KH3-AGGGU complex with three representative KH-nucleic acid complexes (that is, the Nova KH3, SF1 KH3 and hnRNPK KH3 complexes with nucleic acid). Left, surface representations of the three proteins (gray) with hydrophobic residues (L, I, V, A, F) in red. The nucleic acids are in yellow. KSRP has a broader hydrophobic groove that accommodates a G in positions 1 and 2 (G2 and G3 of the AGGGU). Middle, the specific recognition of a C in position 2 by Nova1 KH3 and hnRNPK KH3 is mediated by a set of hydrogen bonds to the Watson-Crick edge of the base. Here we display the two hydrogen bonds formed between the guanidinium group of an arginine in the protein β3 strand and the O2 and N3 groups of the base. The equivalent amino acid in KSRP KH3 is a lysine (Lys368), and only one hydrogen bond is observed, with the O3 of the G. The different degree of specificity of the interactions is consistent with our published scaffold-independent analysis data as well as with the binding data reported in Supplementary  Table 1 , that indicate that the protein tolerates a U, an A and a G in position 2. Right, in all the complexes the nucleobase in position 3 is recognized specifically by a network of intermolecular hydrogen bonds, but in KSRP KH3 the pattern of hydrogen bonds is different from that observed for other KH-nucleic acid complexes where the amide and carboxy group of the same amino acid are interacting with the nucleobase. a r t i c l e s in complex with nucleic acids have been solved, and the analysis of the KH-RNA (and KH-DNA) contacts advocates for a requirement for A or C nucleobases in the central positions of the bound nucleic acid 13 . However, the KH3-AGGGU structure shows that relatively minor changes in the geometry and the hydrophobicity of the nucleic acid-recognition groove of a KH domain facilitates the binding and recognition of G nucleobases. Particularly striking is how the previously described use of a Watson-Crick-like recognition of the base in position 3 is here maintained by shifting the contacts made by the RNA base along the protein β-strand. This finding provides a more general understanding of KH-RNA recognition and facilitates the design of KH domains with different sequence specificities. The regulation of let-7 biogenesis involves several proteins, including hnRNPA1, lin-28 and KSRP, and it is a prototype for the post-transcriptional regulatory mechanisms that selectively control miRNA concentration. We have previously shown that high levels of lin-28 can counteract KSRP-mediated upregulation of let-7 biogenesis in P19 cells 9 . However, in the recently reported structure of the lin-28-let-7 complex 11 , the AGGGU sequence target of KH3 does not directly interact with lin-28. We expect that future work will define the molecular interplay between these factors at the molecular level, providing further insight into how let-7 biogenesis is regulated.
METHODS
Methods and any associated references are available in the online version of the paper. Accession codes. Atomic coordinates for the NMR ensemble have been deposited in the Protein Data Bank, with accession code 4B8T, and the corresponding chemical-shift assignments have been deposited in the Biological Magnetic Resonance Data Bank, with accession code 18702.
ONLINE METHODS
RNA and protein samples. The different KSRP constructs were cloned into a modified pETM-30 vector (European Molecular Biology Laboratory Heidelberg, protein-expression facility) and expressed as His-GST fusion proteins. Unlabeled and uniformly 15 N-and 13 C-labeled samples of KSRP KH3 domain were obtained as previously described 18 . Briefly, a His-GST fusion protein comprising amino acids 423 to 525 of human KSRP protein (NM_003685) was expressed in E .coli and purified by Ni-IMAC. The tag was removed by overnight TEV protease digestion at 4 °C, followed by a second Ni-IMAC step and by size-exclusion chromatography (Superdex 75 16/60 column, Pharmacia). The KH1-KH4 KSRP construct (amino acids G68-Q525) which is used in our biophysical assays and is referred to in the paper as 'KSRP' was expressed and purified as above, except that a MonoQ 5/50GL anion-exchange column (GE Healthcare) followed by a 1 ml HiTrap Heparin column (GE Healthcare) was used. The final proteins were stored in 10 mM Tris-HCl, pH 7.4, 50 mM NaCl (or LiCl), 2 mM Tris(2-carboxyethyl)phosphine (TCEP), 0.05% (w/v) NaN 3 . The concentration of the protein samples was determined from their 280-nm absorbance, and their molecular weight and purity were confirmed by electrospray mass spectrometry. KSRP K368R and GXXG-to-GDDG constructs were prepared by using the QuikChange Site-Directed Mutagenesis Kit (Stratagene) according to manufacturer's instructions as described previously 15 and were expressed and purified as the wild-type protein. Wild-type Let-7-SL RNA was synthesized by run-off transcription and purified by using denaturing acrylamide gels, as previously described 19 15 N-and 13 C-NOESYHSQC spectra with a mixing time of 100 ms at 25 °C. Intermolecular NOEs were obtained from the analysis of decoupled and nondecoupled 2D 1 H-1 H NOESY (mixing times, 50, 100, 200 and 250 ms), 3D 15 N NOESY-HSQC (mixing time, 100 ms), 3D 13 C NOESY-HSQC (mixing times, 100 and 120 ms) and 3Dfiltered 13 C NOESY on samples of unlabeled RNA and 15 N-and 13 C-labeled protein (mixing times, 100 and 150 ms) at 25 °C. The temperature dependence of backbone amide chemical shift was calculated as the ratio between chemical shift and temperatures in 15 N-1 H correlated spectra recorded at 10, 20, 24, 30, 35, 40 and 45 °C. NMR spectra were processed by using the NMRpipe suite of programs 20 and analyzed by using the Sparky 21 and XEASY 22 programs. Structure calculations. The structure of the KH3-AGGGU complex was calculated by using a semiautomated ARIA 1.2-based protocol 23 . Experimental distance restraints were obtained from the integration of NOE peaks in 3D and 2D NOESY spectra by using the XEASY program 22 . All intraprotein NOE cross-peaks were calibrated automatically and assigned iteratively within ARIA, whereas the peaks arising from RNA proton resonances were calibrated manually in a semiquantitative fashion 24 . Protein angle restraints were derived from chemical-shift analysis by using the program TALOS. RNA angle restraints (α, ζ and δ) were derived from 31 P-1 H correlation spectra and 1 H-1 H TOCSY spectra as described previously 24 . Structures were initially calculated without the use of hydrogen bond restraints; only if a proton was hydrogen-bonded in at least 50% of this initial set of structures was the corresponding hydrogen bond restraint added in the final set of calculations. Intermolecular hydrogen bond constraints were validated by a downfield shift of the proton resonance upon RNA binding 25 and a low temperature dependence of the chemical shifts 26, 27 . ARIA 1.2 was used to calculate 100 conformers of the complex (iterations 0-7). The 40 conformers with the lowest restraint energies were refined in a shell of explicit water. The 20 conformers with the lowest restraint energies, restraint Ribonucleoprotein-complex immunoprecipitation (RIP) assays. RIP assays were performed as previously described in ref. 32 , with the following modifications. Briefly, cell lysates were immunoprecipitated with Protein G-coupled magnetic beads, cross-linked to anti-Flag (M2, Sigma, St. Louis, MO, USA) mouse monoclonal antibody, at 4 °C overnight. Pellets were washed four times with 50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.5% Triton X-100. Total RNA was prepared from immunocomplexes by using miRNeasy Mini Kit (Qiagen), retrotranscribed and amplified by qPCR by using miScript Precursor Assays for pre-let-7a-1 (Qiagen).
